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A quantum dot interacting with two resonant cavity modes is described by a two-mode Jaynes-
Cummings model. Depending on the quantum dot energy level scheme, the interaction of a singly
doped quantum dot with a cavity photon generates entanglement of electron spin and cavity states
or allows one to implement a swap gate for spin and photon states. An undoped quantum dot in
the same structure generates pairs of polarization entangled photons from an initial photon product
state. For realistic cavity loss rates, the fidelity of these operations is of order 80%.
PACS numbers: 78.67.Hc, 75.75.+a, 42.50.Ct
I. INTRODUCTION
The electron spin in quantum dots (QD’s) is among
the most promising candidates for quantum information
processing in the solid state.1,2 Optical selection rules
make it possible to control and measure spins in QD’s
optically.3,4,5,6 For pairs of QD’s embedded in a cav-
ity, in the strong-coupling limit cavity photons can me-
diate an effective exchange interaction between electron
spins.3,4 The Faraday rotation of a single photon interact-
ing with an off-resonant QD has recently been discussed
for the implementation of Bennet’s quantum teleporta-
tion scheme and the generation of spin-photon entangle-
ment.7 Because the coupling of cavity photons to an off-
resonant QD is weak, such schemes require long electron
spin decoherence times, a high cavity Q-factor, and con-
trol of the cavity Q-factor on a picosecond time-scale.
Recent progress in microcavity design has led to mode
volumes close to the theoretical limit (λ/n)3 and Q-
factors of order 5× 103, approaching the strong-coupling
limit for QD cavity-QED.8,9 A QD coupled to one circu-
larly polarized cavity mode is described by the Jaynes-
Cummings model10 and is expected to show phenomena
such as vacuum Rabi oscillations. Here, we theoretically
study the coherent dynamics of a QD coupled to two
cavity modes 1 and 2 with different spatial distribution
and polarization [schematically shown in Fig. 1(b) for or-
thogonal propagation directions]. The design of a cavity
with small mode volume and two degenerate, orthogo-
nal modes with circular and linear polarization at the
site of the QD is difficult, but possible in principle (see
Sec. V below). The aim of this paper is to show that
such a system has interesting applications as interface
between electron spins and photons because the second
cavity mode gives rise to intriguing effects. Most no-
tably, photon transfer between the cavity modes via an
intermediate trion state is controlled by the spin state
of the QD, opening a wide range of possible applica-
tions. We show that (i) for cavity modes in resonance
with the heavy hole (hh)-trion transition, entanglement
of the electron spin and the cavity modes, i.e., the pho-
ton propagation direction is generated. (ii) For cavity
modes in resonance with the light hole (lh)-trion tran-
FIG. 1: (a) Characteristic level scheme of, e.g., a CdSe
nanocrystal. The crystal anisotropy leads to a splitting ∆
of hh (|jz| = 3/2) and lh (|jz| = 1/2) states. (b) Schematic
representation of the cavity-QD system. The circularly polar-
ized mode |σ+1 〉 propagating along direction 1 (aligned with
the QD anisotropy axis z) and the linearly polarized mode
|y2〉 propagating along 2 are resonant with the hh-trion tran-
sition. (c) The trion state can decay by emission of a photon
into state |σ+1 〉 or |y2〉.
sition, the strong-coupling dynamics can be used to im-
plement a swap of spin and photon states, an operation
which would allow one to transport a spin quantum state
over large distances.11 The quantum state of the photon
is encoded in the occupation amplitudes of the two cavity
modes. Hence, the system discussed here provides a nat-
ural interface between spins and linear-optics quantum
information schemes.7,12 For cavities with switchable Q-
factors, the fidelity of all operations, 1 − O(g/∆) ≃ 1,
is limited only by off-resonant transitions, where g is the
coupling constant for the trion transition and ∆ the hh-lh
splitting. However, even for lossy cavities without time-
dependent control parameters, the fidelity is of order 80%
for realistic cavity loss rates. We also show that (iii) an
undoped QD efficiently generates pairs of entangled pho-
tons from initial photon product states.
We consider a QD with an anisotropy axis z deter-
mined by crystal or shape anisotropy which leads to a
splitting ∆ of hh and lh states at the Γ point (Fig. 1).
The ground state of a singly doped QD is determined
by the spin of the excess electron, α| ↑〉 + β| ↓〉. In the
2following, we evaluate the dynamics of the QD–cavity
system after injection of a photon in state |σ+1 〉 at t = 0.
For quantitative estimates, we consider CdSe nanocrys-
tals and adopt the model of Ref. 13 where the anisotropy
is treated perturbatively in the quasi-cubic approxima-
tion. The coupling constant g for a photon with polar-
ization vector e resonant with the hh (lh)-trion transition
is determined by the interband matrix element of the mo-
mentum operator, e · pˆ, and the overlap integral of the
1Se and 1S3/2 (1S1/2) electron and hh (lh) wave func-
tions. In addition to the strong-coupling criterion that
g/~ be large compared to the QD spontaneous emission
rate and the cavity loss rate, we also assume that g/~ is
large compared to the hole spin relaxation rate.
In the following, we show that systems such as the one
shown in Fig. 1(b) allow one to generate entanglement
between an electron spin and the cavity state (Sec. II),
to implement a spin-photon swap gate (Sec. III), and to
efficiently generate pairs of polarization-entangled pho-
tons (Sec. IV). In Sec. V, we discuss how a microcavity
with the mode structure shown in Fig. 1(b) can be en-
gineered and illustrate that the implementation of the
schemes discussed in Secs. II, III, and IV is feasible for
microcavities with Q-factors exceeding 104.
II. SPIN-PHOTON ENTANGLEMENT
The interaction of a QD with a hh valence band ground
state [Fig. 1(a)] with the circularly polarized cavity mode
propagating along 1, |σ+1 〉, and the linearly polarized cav-
ity mode with polarization vector ey propagating along
2, |y2〉, is described by a two-mode Jaynes-Cummings
model. A photon injected into |σ+1 〉 at t = 0 induces tran-
sitions from | ↑〉 to the trion state |X−〉 = cˆ†+cˆ†−hˆ−|G〉,
where |G〉 is the ground state of the QD without ex-
cess charge and cˆ± (hˆ±) the electron annihilation oper-
ator for the 1Se conduction band level with sz = ±1/2
(the 1S3/2 hh level with jz = ±3/2). The trion state
|X−〉 has two possible decay paths via emission of a pho-
ton in state |σ+1 〉 or |y2〉 [Fig. 1(c)]. In both cases, the
QD spin remains unaltered by the cycle of photon ab-
sorption and subsequent emission because spin-flip tran-
sitions involving the lh-component are dipole forbidden
within the model of Ref. 13. The interaction of QD and
cavity modes is
HˆI = g1
(
aˆ1cˆ
†
−hˆ− + h.c.
)
+g2
[
aˆ2
(
cˆ†−hˆ− + cˆ
†
+hˆ+
)
+ h.c.
]
, (1)
where aˆ1 (aˆ2) is the photon annihilation operator for
mode |σ+1 〉 (|y2〉) and g1 (g2) the corresponding coupling
constant. The free Hamiltonian Hˆ0 = δ
(
aˆ†1aˆ1 + aˆ
†
2aˆ2
)
is determined by the detuning δ between the photon fre-
quency ω and the trion transition energy.
While |↓;σ+1 〉 is an energy eigenstate because of Pauli
blocking, the QD state | ↑〉 is coupled to both cavity
FIG. 2: (a) Time evolution of |Ψ(0)〉 = |↑;σ+1 〉. The prob-
abilities |〈↑; σ+1 |Ψ(t)〉|2 (dashed), |〈↑; y2|Ψ(t)〉|2 (solid), and
|〈X−; 0|Ψ(t)〉|2 (dotted) are shown as a function of time.
(b) Probability for photon detection outside the cavity in
direction 2 (solid) and 1 (dashed) obtained from numeri-
cal integration of Eq. (6) for κ1 = 0.2g/~, κ2 = g/~, and
ρˆ(0) = | ↑;σ+1 〉〈↑; σ+1 |. (c) Fidelity of spin-photon entangle-
ment generation for g1 6= g2. (d) Fidelity of spin-photon
entanglement generation as a function of QD misalignment.
modes. The time evolution governed by Hˆ = Hˆ0 + HˆI
leads to transitions from an initial state |↑;σ+1 〉 to |↑; y2〉
via the trion state |X−; 0〉, where |0〉 is the photon vac-
uum. Because the dynamics are controlled by the QD
spin, photon absorption and re-emission leads to entan-
glement of the electron spin and the photon cavity mode.
This effect is maximal for g1 = g2 = g and δ = 0, where
14
Hˆ = g|X−; 0〉 (〈↑;σ+1 |+ 〈↑; y2|)+ h.c. (2)
The initial state |Ψ(0)〉 = α|↑;σ+1 〉+ β|↓;σ+1 〉 evolves to
|Ψ(t)〉 = α [cos2 (Et/2~) |↑;σ+1 〉 − sin2 (Et/2~) |↑; y2〉
−(i/
√
2) sin (Et/~) |X−; 0〉
]
+ β|↓;σ+1 〉, (3)
where E =
√
2g [Fig. 2(a)]. At times tn = (2n+1)h/
√
8g,
n integer,
α|↑;σ+1 〉+ β|↓;σ+1 〉 → |Ψ(tn)〉 = −α| ↑; y2〉+ β| ↓;σ+1 〉.
(4)
This demonstrates that, similarly to atom-photon entan-
glement,15,16,17 spin-photon entangled states of the form
of Eq. (4) can be obtained in QD cavity-QED. Alterna-
tive schemes for the generation of spin-photon entangle-
ment have been discussed in Refs. 7 and 18.
According to Eq. (3), the spin-photon entangled state
periodically evolves back into the original product state.
In order to maintain the state |Ψe〉 = −α|↑; y2〉+β|↓;σ+1 〉
the photon must be extracted from the cavity. In princi-
ple, this is possible by a sudden increase of the cavity loss
rate at tn. However, cavity loss without time-dependent
3control is also sufficient to generate |Ψe〉 with a fidelity
approaching unity if the photon loss rates κ1,2 for modes
|σ+1 〉 and |y2〉 fulfill
κ1 < g/~ ≃ κ2. (5)
In this regime, a photon in state |y2〉 leaves the cavity
before it is scattered back into |σ+1 〉, thus terminating
the time evolution in Fig. 2(a) on average after one half-
period. The condition κ1 < g/~ ensures at least one
oscillation be completed. For a quantitative estimate, we
integrate the Master equation for the density matrix of
the QD-cavity system,
˙ˆρ(t) = −(i/~)[Hˆ, ρˆ(t)] + Lˆlρˆ, (6)
where cavity loss from |σ+1 〉 and |y2〉 into free modes prop-
agating along directions 1 and 2, respectively, is described
by the standard Liouville operator
Lˆlρˆ = −
∑
i=1,2
κi
2
(
aˆ†i aˆiρˆ+ ρˆaˆ
†
i aˆi − 2aˆ†i ρˆaˆi
)
. (7)
The overall fidelity F for generation of a spin-photon
entangled state as in Eq. (4) is determined by the dy-
namics of ρˆ(0) = | ↑;σ+1 〉〈↑;σ+1 |, where photon loss from
mode 2 corresponds to successful photon transfer from 1
to 2. The probability for photon loss along 1 and 2 as a
function of time can be obtained from numerical integra-
tion of Eq. (6) [shown in Fig. 2(b) for κ1 = 0.2g/~ and
κ2 = g/~]. For t→∞, the probability p2 for photon loss
into a mode propagating along 2 is calculated from the
Fourier-Laplace transform of Eq. (6),
p2 = κ2
∫ ∞
0
dt 〈↑; y2|ρ(t)|↑; y2〉
=
4κ2 (g/~)
2
(κ1 + κ2) [4(g/~)2 + κ1κ2]
. (8)
For the parameters in Fig. 2(b), p2 = 79%. If the photons
propagate freely outside the cavity, the entanglement of
the QD spin and the photon propagation direction is pre-
served even after photons are ejected from the cavity. In
the regime of Eq. (5), the fidelity F = p2 for generating
spin-photon entanglement approaches unity.
In the ideal case p2 ≃ 100%, a (maximally entangled)
Bell state is obtained for an electron spin prepared in
(| ↑〉+ | ↓〉)/√2, which evolves according to (| ↑;σ+1 〉+ | ↓
;σ+1 〉)/
√
2→ (−|↑; y2〉+|↓;σ+1 〉)/
√
2.19 We next quantify
the entanglement of the final state for a lossy cavity. As
long as the photons are not detected outside the cavity
and loss in the propagating modes is negligible, the ini-
tial state evolves into a pure state,17,20,21,22 for which the
entanglement E is given by the von Neumann entropy of
the reduced density matrix.23,24 The entanglement can
be expressed in terms of p2 in Eq. (8). Defining λ± =
(1±√1− p2)/2, E(p2) = −
∑
σ=± λσ log2 λσ. Of partic-
ular interest are the limiting cases of large and small p2,
where limp2→1− E(p2) = 1− (1−p2)/4 ln 2+O((1−p2)2)
and limp2→0+ E(p2) = (1 + ln 4− ln p2)p2/4 ln 2+O(p22),
respectively. We illustrate the qualitative dependence of
E on κ2 for fixed κ1 ≪ g/~. For g/~ < κ2 . 4(g/~)2/κ1,
loss along direction 2 is dominant for the spin state | ↑〉,
such that p2 ≃ 1 [Fig. 2(b) and Eq. (8)] and E is of order
unity. By contrast, for large cavity loss κ2 & 4(g/~)
2/κ1,
p2 ≃ 4(g/~)2/κ1κ2 approaches zero because the large
linewidth of |y2〉 renders photon transfer between the cav-
ity modes inefficient. The entanglement E decreases to
zero because the photon leaves the cavity along direction
1 irrespective of the spin state on the QD.
Generation of spin-photon entanglement requires fine
tuning of the cavity design to ensure g1 = g2 (Ref. 25)
and alignment of the nanocrystal. We next quantify er-
rors for g1 6= g2, finite detuning δ 6= 0, QD misalignment,
and transitions involving lh states. In the ideal case, an
initial state | ↑;σ+1 〉 evolves to | ↑; y2〉 with 100% fidelity,
while F = maxt |〈↑; y2| exp(−iHˆt/~)| ↑;σ+1 〉|2 quanti-
fies the fidelity for non-ideal situations. For g1 6= g2,
F = 1 − [(g21 − g22)/(g21 + g22)]2, which remains close
to unity for |g1 − g2|/|g1 + g2| . 1/2 [Fig. 2(c)]. A fi-
nite detuning δ of the cavity modes relative to the hh-
trion transition leads to F = 1 − O(δ/g)2 for δ . g,
which demonstrates the pivotal importance of resonant
modes. Misalignment of the QD relative to the pho-
ton propagation directions modifies the optical selection
rules. For definiteness, consider a nanocrystal with an
anisotropy axis rotated by θ in the plane of the cavity.
For θ 6= 0, the coupling energy of |σ+1 〉 and transitions
from the jz = ±3/2 hh states is g(1 ± cos θ)/2. The
dynamics of the system remain periodic for θ 6= 0 and
F = [2(1 + cos θ)/(3 + cos2 θ)]2 ≃ 1 − θ4/8 for θ → 0,
i.e., the fidelity decreases slowly for θ . 0.5 [Fig. 2(d)].
Transitions involving lh states are suppressed relative to
hh processes by the small factor g/∆.
III. SPIN-PHOTON SWAP
We show next that, for a QD with a lh valence band
maximum, the interaction with two cavity modes al-
lows one to implement a swap gate of spin and pho-
ton states.26 We consider a cavity with the geometry
shown in Fig. 1(b), for which the circularly polarized
mode |σ+1 〉 and the linearly polarized mode |z2〉 are in
resonance with the lh-trion transition while |y2〉 is off-
resonant. While | ↑;σ+1 〉 is an energy eigenstate because
of Pauli blocking, the state | ↓;σ+1 〉 exhibits dynamics
similar to Eq. (2). Photon absorption induces transi-
tions to the lh-trion state |X−l 〉 = cˆ†+cˆ†− l̂−|G〉, where l̂±
annihilates an electron in the lh state with jz = ±1/2
[Fig. 3(a)]. Because both |σ+1 〉 and |z2〉 are resonant with
the trion transition, |X−l 〉 has two different decay chan-
nels [Fig. 3(b)]. Optical selection rules imply that, by
emission of a photon in state |σ+1 〉, the QD returns to
its original spin state | ↓〉 while emission into mode |z2〉
leaves the QD in | ↑〉. Hence, transfer of a photon from
|σ+1 〉 to |z2〉 is accompanied by a spin flip on the QD,
4FIG. 3: (a) Absorption process involving lh valence band
states. (b) The lh-trion state |X−l 〉 can decay by emission
of a photon into mode |σ+1 〉 or |z2〉. The requirement that
|σ+1 〉 and |z2〉 are the only resonant modes ensures that pho-
ton emission into |z2〉 is accompanied by a spin flip.
which is described by the Hamiltonian14
Hˆ = g1|X−l ; 0〉〈↓;σ+1 | − g2|X−l ; 0〉〈↑; z2|+ h.c. (9)
with coupling constants g1,2. The dynamics of an initial
state |Ψ〉 = α| ↑;σ+1 〉 + β| ↓;σ+1 〉 are readily evaluated.
In particular, for g1 = g2 = g,
27 we find that at time
tn = h(2n+ 1)/
√
8g,
α|↑;σ+1 〉+ β|↓;σ+1 〉 → |Ψ(tn)〉 = α| ↑;σ+1 〉+ β| ↑; z2〉,
(10)
i.e., the QD spin state is swapped onto the photon state
encoded in the amplitudes of modes 1 and 2, respec-
tively. This swap gate is based on optical selection rules
which enforce that photon transfer between the modes
is accompanied by a spin flip on the QD. In contrast
to schemes such as in Ref. 7, no additional spin mea-
surements are required. The reverse process of Eq. (10),
in which the photon state α|σ+1 〉 + β|z2〉 is transferred
onto a QD prepared in an initial state | ↑〉 can also
be realized by time evolution under Eq. (9). Then,
α| ↑;σ+1 〉 + β| ↑; z2〉 → α| ↑;σ+1 〉 + β| ↓;σ+1 〉. Photon
states of the form α|σ+1 〉 + β|z2〉, in which one photon
propagates in spatially separated modes, serve as logical
basis for linear optics quantum computing.12 The swap
operation in Eq. (10) provides a natural interface between
such coherent photon states and spins. A photon ejected
from the cavity can be converted into the standard logical
basis α|z1〉+ β|z2〉 by linear optical elements.
Implementation of the spin-photon swap gate with
unity fidelity requires the interaction between photons
and QD be terminated at tn. For cavity loss rates which
fulfill Eq. (5), no time-dependent control of the cavity pa-
rameters is required because cavity loss from mode 2 is
sufficient to terminate the dynamics. The fidelity F = p2
derived in Eq. (8) approaches unity. For κ1 = 0.2g/~ and
κ2 = g/~, F = 79%.
IV. GENERATION OF ENTANGLED PHOTON
PAIRS
Similarly to an atom coupled to two cavity modes,28 an
undoped QD with symmetry axis z at 45◦ relative to the
propagation directions of modes 1 and 2 [Fig. 4(a)] acts
FIG. 4: (a) Setup for the generation of photon-entanglement
by strong-coupling dynamics. (b) Projection of |Ψ(t)〉 =
e−iHˆt/~ |σ+1 〉|σ−1 〉 ⊗ |G〉 onto the Bell states |Ψ+〉 (solid line)
and |Φ+〉 (dashed line).
as entangler for photon pairs. We consider a QD with
the level scheme in Fig. 1(a) and assume that the four
photon states |σ±1,2〉 are resonant with the lowest (hh)
exciton transition. Absorption of photons from mode 1
and re-emission into 2 generates polarization entangled
pairs from an initial product state |σ+1 〉|σ−1 〉. The inter-
action strength of |σ+1,2〉 and the exciton states |X±〉 =
cˆ†∓hˆ∓|G〉 is parameterized by the coupling constants
g(1 ± 1/√2)/2. Because transitions from |σ±1,2〉 to |X±〉
are dominant, for short times t < h/g an initial state
prepared by injecting a photon pair |σ+1 〉|σ−1 〉 into the
cavity evolves predominantly according to the sequence
|σ+1 〉|σ−1 〉 ⊗ |G〉 →
(|σ+1 〉 ⊗ |X−〉+ |σ−1 〉 ⊗ |X+〉) /√2 →(|σ+1 〉|σ−2 〉+ |σ−1 〉|σ+2 〉)⊗ |G〉/√2.
Rigorously, all allowed transitions must be taken into
account, Hˆ = g
∑
α,β=±;i=1,2 uα·βaˆi,α|Xβ〉〈G| + h.c.,
where u± = (1 ± 1/
√
2)/2 and aˆi,± annihilates a pho-
ton in state |σ±i 〉. Because g is small compared to the
biexciton shift, biexciton states can be neglected. Inte-
grating the Schro¨dinger equation, we obtain
|Ψ(t)〉 = −1− cos(2u+gt/~) cos(2u−gt/~)
2
√
2
|Ψ+〉
− sin(2u+gt/~) sin(2u−gt/~)
2
√
2
|Φ+〉+ |Ψ˜〉 (11)
with the Bell states |Ψ+〉 =
(|σ+1 〉|σ−2 〉+ |σ−1 〉|σ+2 〉) ⊗
|G〉/√2 and |Φ+〉 =
(|σ+1 〉|σ+2 〉+ |σ−1 〉|σ−2 〉) ⊗ |G〉/√2.
|Ψ˜〉 represents components with zero photons in one of
the modes. Figure 4 shows the projection onto |Ψ+〉
(solid line) and |Φ+〉 (dashed line) as a function of time.
As expected, for t . h/g the transition to the polariza-
tion entangled state |Ψ+〉 is dominant. At tn = hn/4u±g,
the |Φ+〉 component vanishes. While instantaneous re-
duction of the cavity Q-factor at tn would allow one to
extract |Ψ+〉 from the cavity with a fidelity limited only
by off-resonant transitions, cavity loss rates κ1,2 ≃ g/~
are also sufficient to terminate the coherent dynamics in
Fig. 4(b). Hence, an undoped QD strongly coupled to
several modes of a lossy cavity acts as efficient entangler
of photon pairs.
5V. DISCUSSION OF EXPERIMENTAL
PARAMETERS
While our calculations in Secs. II, III, and IV show
that a QD interacting with two cavity modes has inter-
esting applications as interface between spin and photon
quantum states, the system is difficult to implement ex-
perimentally. Cavities based on Bragg reflectors can sus-
tain degenerate circularly and linearly polarized modes,
but mode volumes of order λ3 are impossible to reach
because of diffraction. We show next how the two-mode
Jaynes-Cummings Hamiltonian in Eq. (2) [Fig. 1(b)] can
in principle be implemented with optical microcavities,
where small mode volumes can be achieved. Because the
coupling constants in Eq. (2) are determined by the elec-
tric fields at the site of the QD only, it is sufficient that
the mode |σ+1 〉 is circularly polarized locally, at the site
of the QD. For definiteness, we focus on the defect modes
in a triangular photonic crystal, with a central hole (the
defect) with radius rd and dielectric constant ǫd which
is different from that of all other holes in the triangu-
lar lattice. The defect modes with electric field in the
cavity plane (TM) and perpendicular to the cavity plane
(TE) have been analyzed in detail for some specific real-
izations of the background and hole medium.29,30,31 The
defect mode energies are proportional to rd/
√
ǫd and can
be tuned across the optical bandgap by varying rd and
ǫd.
29,30,31,32
The following steps allow one to experimentally imple-
ment the two-mode Jaynes-Cummings model in Eq. (2):
(i) Choose ǫd and rd such that a doubly degenerate TE
mode (e.g., the E1 or E2 mode
30) is degenerate with
one TM mode. For a triangular photonic crystal with
hexagonal holes, the coexistence of degenerate TE and
TM defect modes has recently been demonstrated.33 We
refer to the modes of the TE-doublet as |TE1/2〉 and
to the TM mode as |TM〉. |TE1〉 and |TE2〉 are re-
lated by a π/2-rotation.30 (ii) Identify the set of points
{P} = {(x, y)|E|TE1〉 = E|TM〉} in the cavity plane
where the electric field amplitudes E|TE1〉 and E|TM〉 of
|TE1〉 and |TM〉 are equal. The points {P} typically
form a set of several lines. For every point in {P},
|σ+1 〉 = (|TE1〉 + i|TM〉)/
√
2 locally generates an elec-
tric field with circular polarization. (iii) In {P}, iden-
tify a point (xQD, yQD) where the electric field amplitude
E|TE2〉 of |TE2〉 lies within 30% of E|TE1〉/
√
2.34 For a
QD at (xQD, yQD) with anisotropy axis oriented perpen-
dicular to the electric field of |TM〉 in the cavity plane,
the QD-cavity interaction is described by the Hamilto-
nian Eq. (2) with |g2/g1 − 1| ≤ 0.3, which guarantees a
theoretical fidelity of at least 90% [Fig.2(c)]. Note that
high cavity Q-factors are maintained for a wide range of
ǫd and rd.
29,30,31
Additional requirements for the dynamics discussed in
Secs. II and III include a cavity loss rate κ2 large com-
pared to κ1 and the injection of a single photon into |σ+1 〉.
Because |TE2〉 is predominantly localized along one di-
rection of the photonic crystal,30 the corresponding cav-
ity loss rate κ2 can be increased by reducing the size of
the photonic crystal in this direction, i.e., by removing
holes at the outside. While this changes the energies of
all three modes, |TE1,2〉 and |TM〉, the energy shifts are
negligible for cavities with large Q-factors. Injection of a
single photon into mode |σ+1 〉 can be achieved by irradia-
tion of the microcavity with a single-photon source. For
TE defect modes in small cubic photonic crystals, the
injection efficiency was calculated to be of order 50%.35
Photon injection into |σ+1 〉 = (|TE1〉+i|TM〉)/
√
2 is more
complicated because coupling efficiencies can be differ-
ent for TE and TM modes and depend on the direction
of incidence relative to the photonic crystal. One can
overcome this problem by determining the directions for
which the coupling efficiencies for |TE1〉 and |TM〉 are
comparable, using numerical techniques similar to those
in Ref. 35. Alternatively, a source of elliptically polarized
photons can be used, where the TE and TM field ampli-
tudes compensate the difference in coupling efficiencies.
We also note that a high photon injection efficiency is
not required as long as unsuccessful injection attempts
can be excluded by post-selection.
For a quantitative estimate, we consider spherical CdSe
nanocrystals with a mean radius a = 5 nm. The energy
of the lowest exciton state 1S3/2-1Se in an undoped QD
is EX = 1.93 eV (Refs. 13,36) while the trion transition
is redshifted by 0.5 meV. The hh-lh splitting of a spher-
ical QD, ∆ ≃ 20 meV, is large compared to the coupling
constant g. For a mode volume (λ/n)3, with n the re-
fractive index of the cavity, the electric field amplitude
of the cavity modes is of order E =
√
2EXn/ǫ0λ3 =
5 × 105√n V/m. With the Kane interband matrix el-
ement 〈S|pˆy|Y 〉,36 g = (eE/mω)|〈S|pˆy|Y 〉| ≃ 0.2 meV.
Strong-coupling phenomena require g to be large com-
pared to both the spontaneous QD emission rate and the
cavity loss rates κ1,2. PL linewidths of 0.12meV < g
have been observed for individual CdSe nanocrystals.37
For cavity Q-factors of order 104, κ = ω/Q . g/h. In ad-
dition, the phenomena discussed here require a hole spin
relaxation time long compared to h/g ≃ 20 ps. Recent
PL studies of CdSe QD’s suggest that hole spin relax-
ation times are of order 10 ns.38 These values show that
the strong-coupling dynamics discussed above is within
experimental reach for CdSe nanocrystals in a microcav-
ity. The main challenge is to design microcavities with
two modes with different polarization, spatial distribu-
tion, and loss rates which are strongly coupled to a QD.
As shown here, this system would allow one to gener-
ate spin-photon entanglement, implement a spin-photon
swap gate, and create polarization entangled photon
states.
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